OBJECTIVE To assess whether the use of dipeptidyl peptidase-4 inhibitors is associated with the incidence of inflammatory bowel disease in patients with type 2 diabetes.
Introduction
The use of dipeptidyl peptidase-4 inhibitors in the treatment of type 2 diabetes has increased considerably since their introduction a decade ago. 1 These second to third line treatments have been shown to have favourable effects compared with other antidiabetic drugs, such as lowering the risk of hypoglycaemia and having neutral effects on body weight and cardiovascular outcomes. [2] [3] [4] These effects are mediated by inhibition of the dipeptidyl peptidase-4 enzyme leading to a rise in glucagon-like peptide 1 concentrations, 2 but inhibition may also have unintended effects. The dipeptidyl peptidase-4 enzyme is found in the serum and has been associated with several different cellular functions. 5 It is also expressed on the surface of a variety of cell types, including those involved in immune response. 6 7 The effect of the dipeptidyl peptidase-4 enzyme in autoimmune conditions such as inflammatory bowel disease is not well understood. On the one hand, studies in mouse models of inflammatory bowel disease suggest that treatment with dipeptidyl peptidase-4 inhibitors results in decreased disease activity. [7] [8] [9] [10] On the other hand, clinical data indicate that patients with inflammatory bowel disease have lower serum dipeptidyl peptidase-4 enzyme concentrations than healthy controls. 6 11 12 Moreover, such lower concentrations are inversely associated with increased disease activity, although whether this is the cause or consequence of active disease is unclear. 12 13 To date, the association between dipeptidyl peptidase-4 enzyme concentrations and incident inflammatory bowel disease has not been studied. doi: 10.1136/bmj.k872 | BMJ 2018;360:k872 | the bmj To our knowledge, no observational study has specifically investigated the association between use of dipeptidyl peptidase-4 inhibitors and the incidence of inflammatory bowel disease. Thus, the objective of this population based study was to determine whether the use of dipeptidyl peptidase-4 inhibitors is associated with the incidence of inflammatory bowel disease in patients with type 2 diabetes.
Methods

Data source
This study used data from the Clinical Practice Research Datalink (CPRD), a primary care database from the UK. The CPRD records demographic and lifestyle information, prescription data, referrals, and diagnoses for more than 15 million patients in more than 700 general practices. These data are representative of the general UK population and have been shown to be of high quality and validity. [14] [15] [16] The CPRD uses the Read code classification for medical diagnoses and procedures, 17 and a coded drug dictionary based on the British National Formulary for prescription details.
Study population
We identified a base cohort of patients, at least 18 years of age, newly treated with non-insulin antidiabetic drugs (metformin, sulfonylureas, meglitinides, thiazolidinediones, acarbose, dipeptidyl peptidase-4 inhibitors, glucagon-like peptide 1 receptor agonists, and sodium-glucose co-transporter-2 inhibitors) between 1 January 1988 and 31 December 2016. Patients were required to have at least one year of medical history in the CPRD before their initial prescription. We excluded patients treated with insulin at any time before their initial prescription for a non-insulin antidiabetic drug (that is, patients with advanced disease) and female patients with a history of polycystic ovary syndrome (at any time before their initial prescription) or a history of gestational diabetes (in the year before their initial prescription), as these are other indications for metformin.
Within the base cohort, we assembled a study cohort of patients who started a new antidiabetic drug class not previously used in their treatment history in or after 2007 (the year the first dipeptidyl peptidase-4 inhibitor, sitagliptin, entered the UK market). 3 This cohort thus included patients newly treated for diabetes, as well as those for whom treatment was newly modified (addons or switches). Cohort entry was the date of this new antidiabetic prescription. At this stage, we excluded patients previously diagnosed as having inflammatory bowel disease, including those previously exposed to mesalamine, at any time before cohort entry (Crohn's disease and ulcerative colitis; Read codes listed in supplementary table A). Diagnoses of inflammatory bowel disease have been previously validated in the CPRD, with positive predictive values above 90%. [18] [19] [20] We also excluded patients with a history of diverticulitis, ischaemic colitis, pseudomembranous colitis, or unspecific colitis (common differential diagnoses for inflammatory bowel disease 21 ) at any time before cohort entry. Finally, we excluded patients with less than six months of follow-up after cohort entry to account for a latency period and known diagnostic delays of inflammatory bowel disease. 22 All patients were followed starting six months after cohort entry until an incident diagnosis of inflammatory bowel disease or censored on an incident diagnosis of ischaemic colitis or diverticulitis, death from any cause, end of registration with the general practice, or the end of the study period (30 June 2017), whichever occurred first.
Exposure assessment
We modelled the use of dipeptidyl peptidase-4 inhibitors (alone or in combination with other antidiabetic drugs) as a time varying variable and compared it with the use of all other antidiabetic drugs. As part of this exposure definition, patients could move from a period of non-exposure to a period of exposure after a six month lag period (allowing them to contribute both unexposed and exposed person time). Thus, patients were considered exposed starting six months after their first prescription until the end of the follow-up period, analogous to an intention to treat approach. Consequently, we considered inflammatory bowel disease events occurring during the six month lag period to be unexposed events. The use of a lag period was necessary for latency considerations, given that exposures of short duration are unlikely to be associated with the incidence of inflammatory bowel disease, to account for possible diagnostic delays associated with inflammatory bowel disease, 22 and to reduce detection bias and reverse causality. Finally, we deemed the comparator group of other antidiabetic drugs to be appropriate, as none of these drugs has been previously associated with the incidence of inflammatory bowel disease. We considered this to be the definition of primary exposure.
We also considered two definitions of secondary exposure. The first assessed the association according to cumulative duration of dipeptidyl peptidase-4 inhibitor use. We defined this time dependent variable by summing the durations associated with each prescription up until time of event. The second assessed time since initiation, which we defined in a time dependent fashion as the time between the first dipeptidyl peptidase-4 inhibitor prescription and time of event.
Potential confounders
The models were adjusted for the following potential confounders measured at cohort entry: age, sex, year of cohort entry, body mass index, alcohol related disorders (alcoholism, alcoholic cirrhosis of the liver, alcoholic hepatitis, and hepatic failure), and smoking status. We also adjusted for haemoglobin A 1c (last laboratory result before cohort entry), microvascular (nephropathy, neuropathy, retinopathy) and macrovascular (myocardial infarction, stroke, peripheral arteriopathy) complications of diabetes (at any time before cohort entry), duration of treated diabetes, and antidiabetic drugs used before cohort entry, as proxies for disease severity. Age and duration of treated diabetes were modelled flexibly as continuous variables by using cubic spline models to account for possible non-linear relations with the outcome. The models also considered the use of aspirin, non-steroidal anti-inflammatory drugs, hormonal replacement therapy, oral contraceptives, other autoimmune conditions (all at any time before cohort entry), 23 as well as the total number of unique non-antidiabetic drugs received in the year before cohort entry as a general measure of comorbidity. 24 
Statistical analysis
We calculated crude incidence rates of inflammatory bowel disease with 95% confidence intervals based on the Poisson distribution for the entire cohort and for each exposure group. For all analyses, we used time dependent Cox proportional hazards models to estimate hazard ratios and 95% confidence intervals for inflammatory bowel disease associated with the use of dipeptidyl peptidase-4 inhibitors compared with the use of other antidiabetic drugs. The models were adjusted for the potential confounders listed above. We also calculated the number needed to harm for patients followed over a two year and four year period by using methods accounting for varying patient follow-up times. 25 
Secondary analyses
We did four secondary analyses. Firstly, we assessed whether a duration-response relation existed according to cumulative duration of use by estimating hazard ratios for five predefined duration categories (≤1 year, 1.1-2 years, 2.1-3 years, 3.1-4 years, and >4 years). Secondly, we investigated the association with time since initiation by estimating hazard ratios for three predefined categories (≤2 years, 2.1-4 years, and >4 years). We also modelled cumulative duration of use and time since initiation as continuous variables by using restricted cubic splines. Thirdly, to investigate the possibility of a drug specific effect, we repeated the analysis stratifying by type of dipeptidyl peptidase-4 inhibitor (sitagliptin, saxagliptin, and other). Finally, we repeated the primary analysis by stratifying on type of inflammatory bowel disease (Crohn's disease, ulcerative colitis, and unspecified disease).
Sensitivity analyses
We did 11 sensitivity analyses to assess the robustness of our findings. Firstly, given uncertainties related to the length of the lag period, we increased the exposure lag period to one year. Secondly, to assess the validity of our outcome definition, we restricted inflammatory bowel disease events to those accompanied by clinically relevant supporting events (supplementary methods 1). Thirdly, to investigate the effect of informative censoring, we did a competing risk analysis by death from any cause, using the Fine and Gray subdistribution model. 26 Fourthly, to investigate the effect of detection bias from undiagnosed inflammatory bowel disease, we stratified the cohort by age at cohort entry (<60 and ≥60 years). In the UK, patients aged 60-74 years are invited for faecal occult blood tests every two years as part of the Bowel Cancer Screening Programme. 27 Fifthly, we used a stricter exposure definition, in which dipeptidyl peptidase-4 inhibitor use was redefined as receipt of at least four prescriptions within a 12 month moving window; we considered patients to be exposed only six months after the fourth qualifying prescription. Sixthly, to account for a possible incretin effect of glucagon-like peptide 1 receptor agonists, we redefined exposure into four mutually exclusive categories: dipeptidyl peptidase-4 inhibitors (alone or in combination, excluding glucagon-like peptide 1 receptor agonists), glucagon-like peptide 1 receptor agonists (alone or in combination, excluding dipeptidyl peptidase-4 inhibitors), both dipeptidyl peptidase-4 inhibitor and glucagon-like peptide 1 receptor agonists, and other antidiabetic drugs (new reference category). Seventhly, to assess the possibility of anti-inflammatory effects of thiazolidinediones, 28 we excluded patients treated with thiazolidinediones at any time before cohort entry and censored them on initiation during follow-up. The eighth to tenth analyses assessed the effect of residual confounding by conducting a marginal structural model (using inverse probability of treatment and censoring weighting), disease risk score, and multiple imputation for variables with missing information (supplementary methods 2-4). Finally, in a post hoc sensitivity analysis, we used the rule out method to estimate the strength of an unknown or unmeasured confounder that would be needed to move the observed hazard ratio to the null. 29 
Ancillary analyses
We did two ancillary analyses to further assess the validity of our findings. The first used insulin as a negative control exposure, 30 a last line treatment that has not been associated with inflammatory bowel disease. For this analysis, we excluded prevalent users of insulin before cohort entry and modelled new use of insulin as a time dependent variable lagged by six months. The second was a head to head comparison of patients newly treated with dipeptidyl peptidase-4 inhibitors versus insulin between 1 January 2007 and 31 December 2016, with follow-up until 30 June 2017. For this analysis, a Cox proportional hazard model was stratified on fifths of propensity score (supplementary methods 5). We used SAS version 9.4 for all the analyses described above.
Patient involvement
We did not include patients as study participants, as our study involved the use of secondary data. Patients were not involved in the design or implementation of the study. We do not plan to involve patients in the dissemination of results, nor will we disseminate results directly to patients.
Results
We included 141 170 patients in the cohort (fig 1) . These patients were followed for a median of 3.6 (interquartile range 1.6-5.9) years beyond the six month post-cohort entry lag period. During 552 413 person years of follow-up, 208 incident inflammatory bowel disease events occurred, generating an incidence rate of 37.7 (95% confidence interval 32.7 to 43.1) per 100 000 person years. Nearly all these events (n=193; 92.8%) had at least one clinically relevant supporting event (supplementary table B). Overall, 30 488 (21.6%) patients received at least one prescription for a dipeptidyl peptidase-4 inhibitor during the study period; the median duration of use was 1.6 (interquartile range 0.7-3.1) years. Table 1 shows the baseline characteristics of the entire cohort and the cohort stratified by drug use at cohort entry. Compared with users of other antidiabetic drugs, dipeptidyl peptidase-4 inhibitor users were older, more likely to have higher haemoglobin A 1c concentrations, more likely to have a longer duration of treated diabetes, and more likely to have microvascular complications of diabetes. Users of dipeptidyl peptidase-4 inhibitors were also more likely to have used aspirin and non-steroidal anti-inflammatory drugs but less likely to have used oral contraceptives. Table 2 shows the results of the primary and secondary analyses. Compared with use of other antidiabetic drugs, use of dipeptidyl peptidase-4 inhibitors was associated with a 75% increase in risk of inflammatory bowel disease (53.4 v 34.5 per 100 000 per year; hazard ratio 1.75, 95% confidence interval 1.22 to 2.49). The number needed to harm corresponded to 2291 patients followed over a two year period and 1177 over a four year period. In secondary analyses, hazard ratios gradually increased with longer durations of use, reaching a peak after three to four years of use (hazard ratio 2.90, 1.31 to 6.41) and decreasing after more than four years of use (1.45, 0.44 to 4.76). A similar pattern was observed with time since initiation, with the highest hazard ratio observed between two and four years after initiation (2.50, 1.57 to 3.99) and a decrease after more than four years (1.75, 0.86 to 3.58). These patterns remained consistent in the cubic spine models (supplementary figures A and B) .
Overall, no single dipeptidyl peptidase-4 inhibitor drug was statistically associated with inflammatory bowel disease, although the strata had few events (supplementary table C). In analyses stratified on type of inflammatory bowel disease, the use of dipeptidyl peptidase-4 inhibitors was associated with a greater than twofold increase in risk of ulcerative colitis (hazard ratio 2.23, 1.32 to 3.76), whereas no statistically significant association was observed with Crohn's disease (0.87, 0.37 to 2.09) (supplementary table D). Figure 2 summarises the results of the sensitivity analyses (shown in detail in supplementary tables E-N and supplementary figure C). Overall, these analyses produced results that were consistent with those of the primary analysis, with statistically significant hazard ratios ranging between 1.60 and 2.21. The negative control analysis comparing the use of insulin with the use of other antidiabetic drugs yielded a hazard ratio close to the null value (0.92, 0.53 to 1.58; table  3 ). In the head to head comparison, use of dipeptidyl peptidase-4 inhibitors was associated with a greater than twofold increase in risk of inflammatory bowel disease, compared with insulin (hazard ratio 2.28, 1.07 to 4.85) ( 
Sensitivity and ancillary analyses
discussion
To our knowledge, this is the first observational study to specifically investigate the association between the use of dipeptidyl peptidase-4 inhibitors and the incidence of inflammatory bowel disease. Use of dipeptidyl peptidase-4 inhibitors was associated with an overall 75% increase in risk of inflammatory bowel disease. In secondary analyses, the association was particularly elevated between three and four years of use and between two and four years after the start of dipeptidyl peptidase-4 inhibitor treatment. This gradual increase in the risk is consistent with the hypothesis of a possible delayed effect of the use of dipeptidyl peptidase-4 inhibitors on the incidence of inflammatory bowel disease. This association remained highly consistent across a variety of sensitivity analyses. Comparison with previous studies The dipeptidyl peptidase-4 enzyme is involved in inflammatory response and is known to modulate gastric hormones; these have been shown to be elevated in patients with inflammatory bowel disease. 31 However, further study of the exact effect of this enzyme in inflammatory bowel disease is needed. Inhibition of this enzyme with dipeptidyl peptidase-4 inhibitors has been shown to reduce disease activity in Crohn's disease by increasing concentrations of glucagon-like peptide 2, an incretin hormone with intestinotrophic effects. 7 Furthermore, in experimental mouse models of colitis, treatment with dipeptidyl peptidase-4 inhibitors decreased both disease activity and disease severity, through inhibition of T cell proliferation and cytokine production and restoration of gut mucosal damage, respectively. [8] [9] [10] However, the available clinical evidence shows a complex relation between the dipeptidyl peptidase-4 enzyme and inflammatory bowel disease activity. Although the expression of dipeptidyl peptidase-4 was elevated on T cells from patients with inflammatory bowel disease, 6 7 serum concentrations and activity of dipeptidyl peptidase-4 were lower compared with healthy controls. 6 11 12 Moreover, dipeptidyl peptidase-4 enzyme concentrations had an inverse relation with inflammatory bowel disease activity scores, although the direction of this association remains unclear. 12 13 In contrast to the aforementioned animal studies that have supported a role for dipeptidyl peptidase-4 inhibitors in the treatment of inflammatory bowel disease, 7-10 our study focused on incident inflammatory bowel disease, in which dipeptidyl peptidase-4 may have a different biological function. Although one previous observational study reported a decreased risk of a composite of several autoimmune diseases (including inflammatory bowel disease) with the use of dipeptidyl peptidase-4 inhibitors (hazard ratio 0.68, 95% confidence interval 0.52 to 0.89), 28 it did not report any findings on inflammatory bowel disease specifically. This decreased risk may have been driven by other diseases included in the composite outcome. Finally, our results indicate that an increased risk with dipeptidyl peptidase-4 inhibitors may be associated with ulcerative colitis and not Crohn's disease. However, this finding should be interpreted with caution as this stratified analysis was based on few events, generating a wide confidence interval with an upper 95% confidence limit of 2.09. Thus, our results do not rule out a possible association with Crohn's disease as well. In summary, although our findings need to be replicated, additional studies are also needed to understand the possible mechanism through which dipeptidyl peptidase-4 inhibitors may increase the risk of inflammatory bowel disease.
Strengths and limitations of study
This study has several strengths. Firstly, our study design excluded prevalent users, thus eliminating biases associated with their inclusion. 32 Secondly, we used a time dependent exposure definition that allowed patients to contribute both unexposed and exposed person time, thereby eliminating immortal time bias. 33 Type 2 diabetes and inflammatory bowel disease have been shown to share inflammatory pathways, 34 although large population based studies have not reported an association between these two diseases. 35 Nevertheless, we rigorously assessed the effect of possible residual confounding in several analyses; these analyses yielded consistent findings. Moreover, the null association observed with insulin (a last line treatment of which the users are typically at an advanced disease stage) as a negative control provides reassurance on the internal validity of our findings. Finally, our results remained highly consistent across a variety of sensitivity analyses intended to overcome different sources of bias.
Our study has a few limitations. As prescriptions in the CPRD are written by general practitioners and not specialists, some exposure misclassification is possible. In the UK, however, type 2 diabetes is managed almost entirely through primary care, 36 so such misclassification is likely to have been minimal. Although inflammatory bowel disease has been shown to be well recorded in the CPRD, [18] [19] [20] outcome misclassification is also possible. Reassuringly, we observed consistent findings in a sensitivity analysis using an algorithm based on clinically supporting events. Finally, as with all observational studies, residual confounding from unknown or unmeasured variables remains possible. However, on the basis of the rule out method, 29 a hypothetical confounder would need to be strongly associated with both the exposure (odds ratio >4.7) and the outcome (relative risk >5.0) to move the point estimate towards the null (supplementary figure C) . Whether such a hypothetical confounder exists beyond those considered in the analyses is unclear.
Conclusions
The results of this large population based cohort study indicate that the use of dipeptidyl peptidase-4 inhibitors is associated with an overall 75% increase in the risk of inflammatory bowel disease in patients with type 2 diabetes. Although the absolute risk is low, physicians should be aware of this possible association and perhaps refrain from prescribing dipeptidyl peptidase-4 inhibitors for people at high risk (that is, those with a family history of disease or with known autoimmune conditions). Moreover, patients presenting with persistent gastrointestinal symptoms such as abdominal pain or diarrhoea should be closely monitored for worsening of symptoms. . ( . to . )
. ( . to . )
. DPP-4=dipeptidyl peptidase-4. *Per 100 000 person years. †Insulin negative control: adjusted for age, sex, year of cohort entry, body mass index, alcohol related disorders (including alcoholism, alcoholic cirrhosis of liver, alcoholic hepatitis, and hepatic failure), smoking status, haemoglobin A 1c , microvascular (nephropathy, neuropathy, retinopathy) and macrovascular (myocardial infarction, stroke, peripheral arteriopathy) complications of diabetes, duration of treated diabetes, antidiabetic drugs used before cohort entry, use of aspirin, non-steroidal anti-inflammatory drugs, hormonal replacement therapy, oral contraceptives, other autoimmune conditions, total number of unique non-diabetic drugs in year before cohort entry.
Analysis
‡Head to head comparison: stratified on fifths of propensity score.
